The paper deals with a quantification of parasitic waters within the sewer system of the City of Prague. The methodology is based on the variation of diurnal COD load and continuous water quality monitoring using in-line absorption spectrometry. This approach allows the identification of individual components of the diurnal waste water hydrograph, in particular the contribution of parasitic water flow on waste water discharge. The statistical relevance was tested using Monte Carlo simulations on a seven-year data series of flow rate. The results show that application of this methodology provides specific relevant information about individual subcatchments within an entire sewer system, particulary in terms of absolute and relative values of I/I and structural state indicators. Processing of long-term data series gives clear information about the significance of the monitoring period length on the relevance of obtained results.
INTRODUCTION
The negative influence of infiltration/inflow (I/I) on the operation of sewer networks and waste water treatment plants is well known (Schulz et al, 2005 , Weiss et al, 2002 . A high I/I rate increases the hydraulic load on WWTPs, decreases sewer systems hydraulic capacity, increases discharged volume to receiving waters via CSOs and/or decreases the efficiency of waste water treatment. In addition to operational indicators, the total inflow of parasitic waters can be essential information with respect to planning reconstruction of different urban drainage system compartments, e.g. enlargement of WWTPs, sewer pipeline rehabilitation etc.
Therefore, special attention should be paid to a precise evaluation of the I/I rate in sewer systems. Conventional methods are usually based on water balance within the catchment (Stránský et al, 2004) or on a simple assumption that the diurnal minimal discharge (or its given part) is equal to the infiltration rate (De Bénédittis and Bertrand-Krajewski, 2005) . The first approach is precise enough, however, only over time integration scales of weeks or months. The second conventional method provides temporal information about the infiltration (with time resolution in days), but its accuracy has been questioned in several studies (e.g. Evaluation of sewer I/I using COD mass flux Kracht and Gujer, 2005) . Basically, the method is accurate enough in catchments where the concentration of characteristic pollutant in raw sewage (e.g. COD) approaches zero during the diurinal minimal discharge (Bares et al, 2009 ). However, due to the lifestyle of inhabitants of large cities, the composition of wastewater during night is (as during daylight hours) a mixture of raw sewage and parasitic waters.
The pollutant mass flux method can be based on several appropriate pollutants to determine the mixing ratio between raw sewage and infiltrating ground water. Verbanck (1993) sampled boron concentration, while Kracht et al (2007) used stable isotopes of water for labelling an individual wastewater fraction. However, more attention has lately been focused on those pollutants with a possible in-line monitoring technique. Aumond and Joannis (2006) based their assumption on conductivity and turbidity time series. COD mass flux was previously reported by Stransky et al (2004) , and Kracht and Gujer (2005) . It was shown that COD is one of the most suitable natural tracers due to negligible concentrations in ground water or inflow waters (Bares, 2009) .
Apart from the separation of dry weather hydrograph components, the length and timing of monitoring campaigns play a significant role. The I/I rate is seasonally and annually affected. The generally accepted period for I/I monitoring in the northern hemisphere is from March to late August. However, such a monitoring campaign length may be unrealistic with respect to continuous measurement of e.g. COD. Therefore, the study presented here deals with a comprehensive view of the total inflow of parasitic water to Prague's central WWTP based on monitoring of variable COD mass flux, with a statistical evaluation based on a seven-year long data series of flow rate.
METHODS
The quantification of I/I inflow uses the variation in diurnal pollutant load (Stransky et al., 2004) and continuous water quality and quantity monitoring (Kracht et al., 2005) . This method is based on a simple mixing model of raw sewage with a natural tracer (e.g. COD) and infiltration/inflow with a negligible (or known) concentration of the chosen pollutant. Crucial aspects of this method were tested at an experimental sub-catchment of the Prague sewer system (Bares et al, 2009) , with subsequent extension of monitoring and application to other sewer system catchments.
Mixing model
Based on previous results from the experimental catchment (Bares et al, 2009 ), we concluded that mass flow of COD originating from ground water is negligible compared to total mass flow from foul sewage; therefore we have assumed the concentration of COD in ground water to be zero COD inf ≈ 0 mg COD/l. Similar to ground water, our previous observations showed that inflow of surface waters can be significant in terms of quantity. However, the mass flow of COD from this source is low compared to total COD load to the WWTP. Therefore, we do not identify individual sources of parasitic inflows and can simply express the total inflow to WWTP as follows:
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Expressing Q foul and substituting it into the mixing model, the concentration of the given parameter in the control section can be expressed as:
where c is the concentration of a given pollutant in each wastewater component.
The identification of model parameters (Q par , c foul ) is possible under several conditions: the data from the wastewater pollutograph (c w , Q w ) are known with appropriate time resolution; the concentration of a given pollutant in infiltration/inflow is negligible; Q par is assumed to be constant over the time period (here 1 day); the model is valid under dry weather conditions only. An estimation of model parameters is presented for the diurnal variation of COD concentration and discharge from the trunk sewer ACK on 03/09/2008 (Figure 1 ). Propagation of uncertainties arising from measurement devices used and laboratory analysis was done according to ISO/IEC Guide 98 (2008) .
Representativeness of the monitoring period
One of the most important aspects of I/I monitoring is an adequate length and time of measurement. Except for the main experimental catchment D (140 days), all other catchments were monitored over 4 -6 weeks only (26 days in case of F and 40 -50 days in case of ACK, B and E). Because we had only one UV/VIS analyzer available, the catchments were monitored in consecutive order, making the representativeness of these periods questionable. Therefore, the study was completed with statistical analysis and MC simulations on a 7-year long continuously measured series of discharge at each trunk sewer. That provides us information about the representativeness of the monitoring periods (i.e. about uncertainty arising from a decrease in monitoring period length).
At first, continuous discharge series for trunk sewers were statistically treated in order to filter out wet weather flow. This was followed by MC simulations of average minimal diurinal discharge done for different periods of monitoring (from n = 5 days to 365 days). For example, a 5-day period was repeatedly (m-times) randomly sampled from the discharge series, and an average diurinal minimum discharge was calculated. The mean, standard deviation and variation coefficient (c v ) were calculated from m MC simulations (Figure 2) . . Bottom: for each tested period, the mean, standard deviation and variation coefficient c v of minimal diurinal discharge were calculated from all MC runs. Then, a minimum length of monitoring period can be found according to the requested c v (i.e. requested precision). Table 1 . The nature of individual catchment widely varies. For example, catchment D is characterized by standard housing for personal living with a mixture of blocks of flats and family houses with gardens, the sewer network layout is not affected by the Vltava River and there is no industry and very little night life in the area. On other side of spectra, catchment B has inner city housing, old pipelines and high influence from the Vltava on the performance of the sewer system. 
Catchment description

Monitoring:
The control points were equipped with a continuous discharge measuring device (OCM, Nivus GmbH., Germany; ADS 3600, ADS Environmental Sciences, USA) with velocity sensor and ultrasonic water level probe. The diurnal variation of concentration of selected pollutant (COD) was monitored continuously by an in-line UV/Vis sensor (Spectrolyzer, S::can, Austria). Both devices measured with a time resolution of 6 minutes. Calibration of the water quality analyser was based on grab sampling and laboratory analysis.
RESULTS AND DISCUSSION
Absolute I/I rate at WWTP The assessment of infiltration/inflow rate is presented in Figure 3 . The highest I/I rate value was reported at trunk sewer ACK, which corresponds with the total catchment area (Table 1) .
Other catchments contribute together approximately 40% of I/I. The lowest I/I rate is associated with trunk sewer E, which is mostly located in a hilly region north of the WWTP with low connectivity to the Vltava River and the smallest catchment area. In total, I/I contributes approximately 34% of the total WWTP inflow, corresponding to Q par = 1042 l.s -1 (Figure 3 ).
The relationship of I/I rate to diurinal minimal and mean discharge
The results of I/I rate related to diurinal minimal discharge and mean daily discharge in individual catchments are shown in Figure 4 . For the ratio between I/I and diurinal minimal discharge, one can see the high variation between individual catchments. The lowest value was estimated for catchment E (≈ 40%), while in catchment D we have found that parasitic waters contribute 91% of the diurinal minima. These results are not surprising with respect to the measured COD concentrations during night depression. At the measuring station of catchment E, the average minimal concentration was 296 mg COD/l, while in the trunk sewer D 80 mg COD/l only. Nevertheless, the measured diurinal minimal discharge are similar (Q min,D = 94 l/s x Q min,E = 126 l/s). The average ratio between parasitic waters and diurinal minimal discharge was estimated as 62%. This value is in very good agreement with the former internal policy of Prague Water Supply and Sewerage System Company (PVK), stated as 65%. However, based on our project this ratio is now associated with individual catchments. Analyzing the I/I with respect to mean daily discharge, one can observe a similar relationship between the catchments. Some reduction was reported for the ACK trunk sewer, which is characterized by having the highest ratio between mean daily discharge and night minima Q 24,d /Q min . . Overall, the values range from 25% (E) to 45% (D) (Figure 4 ).
This comparison between individual catchments is naturally affected by the length and date of the measuring periods. The uncertainty presented in Figure 4 is related only to monitoring period. The significance of randomly chosen length and date for measuring is further discussed below.
Structural state indicators
This study also provides structural state indicators in terms of specific I/I rates per sewer length and catchment area. During the measuring campaign, the following values were estimated -22 -57 m 3 /day per km of sewer length, which corresponds to 47 -121 l/day per mm of pipe diameter per km of length ( Figure 5 ). The lower limit is comparable with the specific value reported by Hammer and Hammer (2004) as 50 l/day/mm-dia/km. The specific I/I rate per catchment area was estimated as ranging from 332 -796 m 3 /day per ha of catchment ( Figure 5 ). Our results are in good correlation with the findings based on CCTV and regular inspections. The worst situation was found in catchment B, which includes the inner city region with alluvial areas of the Vltava River. 
CONCLUSIONS
This study introduces the methodology of I/I estimation based on COD mass flux variation, with an evaluation of the statistical relevance of length and time period of monitoring campaigns. The application of this methodology is demonstrated by a comprehensive analysis of the I/I rate in the city of Prague with respect to structural indicators.
The conclusions can be summarized as follows:
• total I/I rate approaching the WWTP is approximately 34% of its inflow, which corresponds to Q par = 1042 l.s -1 and exceeds the upper limit of proposed criteria.
• the average ratio between I/I rate and diurinal minimal discharge is about 62%, which corresponds with previous estimations. Significant differences were observed between individual sub-catchments. The highest value was found in catchment D, with a 91% contribution to the low concentration of COD during night depression.
• the ratio between the I/I rate and dry-weather mean daily discharge is site specific, with values ranging from 25% to 45%.
• statistical evaluation of the length of monitoring campaign demonstrates the variation coefficients related to monitoring campaign length. The results from trunk sewer F can be considered non-representative. We thus conclude that 6 weeks of monitoring provides adequate meaningful information compared to expenses.
These results demonstrate the applicability of the mass flux method for catchments 10 km 2 and larger. For Prague, the discharge of I/I was found to be excessive regarding its effect on treatment efficiency and operational costs, mainly connected with the pumping of water to the WWTP. Structural state indicators may help the operator to prepare measures to effectively reduce the I/I rate.
